ABSTRACT: Towards the introduction of fast faradaic pseudocapacitive behavior and the increase of the specific capacitance of carbon-based electrodes, we have covalently functionalized graphene oxide with a redox active thiourea-formaldehyde polymer yielding a multifunctional hybrid system. The multiscale physical and chemical characterization of the novel 3-dimensional hybrid revealed high material's porosity with high specific surface area (402 m 2 g −1
INTRODUCTION
The nowadays ever-increasing energy consumption urgently calls for a sustainable energy-management through the optimized generation and storage of energy. Next generation of energy storage technologies should match stringent requirements in terms of limited size and weight to enable the operation of miniaturized electronics for mobile applications such as wearable devices and portable sensors. [1] [2] [3] Among various energy storage devices, supercapacitors have recently attracted significant attention since they combine high power density, ultrafast charge-discharge rate, long cycle life, great stability and lowmaintenance cost. [4] [5] [6] [7] According to the charge storage mechanism, supercapacitors can be classified as electrochemical double-layer capacitors, pseudocapacitors or hybrid capacitors. [8] [9] Many factors should be considered and optimized when designing a device for capacitance applications including the material's morphology, pore structure, electrical conductivity, specific surface area and heteroatom doping. [10] [11] The introduction of heteroatoms (e.g. N, O, S, P) can significantly increase the capacity performance of carbon materials by contributing with the additional pseudocapacitance through surface Faradic redox reactions. 10 Therefore, the cyclic voltammetry (CV) of such hybrid materials can be characterized as quasi-rectangular with broad redox waves proving coexistence of electric double layer capacitance and additional redox pseudocapacitance. [12] [13] [14] The controlled polymer functionalization of graphene is used for the development of efficient energy conversion and storage devices. [15] [16] [17] Graphene-based materials chemically doped with heteroatoms have been recently widely explored as active systems for energy storage performance as they exhibit high gravimetric capacitance ranging up 500 F g −1 . [18] [19] [20] [21] [22] [23] [24] Currently, some bottlenecks in graphene based supercapacitor materials for supercapacitor need to be addressed such as: i) the lack of fast Faradic pseudocapacitive behavior, which results in low specific capacitance, and ii) the restacking of graphene sheets through the strong π-π interactions, which can severely decrease the accessible electrochemical surfaces, thus hindering the ion diffusion ultimately limiting the overall electrochemical performance. Graphene oxide (GO) combines the unique characteristics of graphene and related 2D materials such as the high mechanical strength 25 and large surface area [26] [27] with an easy, low-cost and scalable production. 28 Furthermore the presence of oxygen-rich functionalities endows excellent water dispersibility and it opens various options for its covalent/non-covalent functionalization. 29 The latter can be employed for the fine-tuning of GO's electrochemical properties. [30] [31] [32] In fact, while it is notorious that pristine GO is an electrical insulator, in its reduced form, i.e. reduced graphene oxide (rGO), it displays conductivities reaching sheet resistances of a few tens of Ω sq −1 . 33 Noteworthy, despite the most common approach for obtaining rGO relies on the chemical reduction of GO, a few recent reports revealed that the direct functionalization of GO with reducing molecules might also provide a decrease of oxygen content along with an improvement of the material's conductivity. [34] [35] [36] [37] Thiourea-based small molecules have been recently used for simultaneous functionalization and reduction of graphene oxide (GO) leading to sulphur-rich hybrids. 36 In such materials the high supercapacitive performance is obtained via redox mechanism of thiocarboxylic acid ester to sulphone with the aid of external current. 36 In order to leverage the performance of the sulphur-rich GO-based hybrids 36 a plausible solution relies on increasing the amount of the thiourea groups on the GO surface by using a thiourea based polymer.
Graphene with its excellent electrical conductivity, high surface-to-volume ratio, and outstanding intrinsic double-layer capacitance is extremely attractive for high-power supercapacitors. However, the performances of current graphene-based supercapacitors are still limited, mostly due to the lack of the fast Faradaic pseudocapacitive behaviour. To tackle this issue, we have exploited a bottom-up approach towards the generation of 3D porous hybrid material (G3DTF) based on thiourea-formaldehyde polymer (TF) with well-defined molecular weight covalently grafted to GO (see Scheme 1) . The combination of pseudocapacitive TF and GO resulted in a novel type of electrode material for supercapacitors, which revealed performance reaching the state-of-the-art of GO-based materials.
RESULTS AND DISCUSSION:
Towards the synthesis of thiourea-formaldehyde GO-based hybrid (G3DTF), we firstly prepared the thiourea-formaldehyde polymer by hydroxyl-methylation and condensation reaction between thiourea and formaldehyde (see experimental procedures in Supporting Information). 38 The polymer has been characterized by means of 1 HNMR spectroscopy, Fourier-transform infrared spectroscopy (FT-IR) and elemental analysis (see SI). The weight-average molecular weights (Mw) of thiourea-formaldehyde polymer (TF), as determined by diffusion-ordered NMR spectroscopy (DOSY NMR), amounted to 969 g mol −1 (for details see SI).
Scheme 1. Synthesis of G3DTF. Schematic representation of thiolcarboxylic acid esterification reactions of graphene oxide (GO) and thiourea-formaldehyde polymer (TF).
Noteworthy, carboxylic groups exposed at the edges of GO sheets can be transformed to thiocarboxylic acid ester group. In particular, the thiourea group, which can exist as resonance structure, either in thione (C=S) or in thiol (C-S-H), can react with the carboxylic acids on the GO sheet through thiol-carboxylic acid esterification. 36, 39 The functionalization of GO with TF polymer was carried out by heating commercially available aqueous dispersion of GO in the presence of TF in DMF overnight (for details see SI). Unreacted TF molecules were washed away and the resulting G3DTF was then freeze-dried for 24 h to sustain the high porosity and specific surface area. G3DTF was collected as a black solid. A scheme of the synthesis method employed for the chemical tailoring of GO is displayed in Scheme 1.
X-ray photoelectron spectroscopy (XPS) offered insight into the chemical composition of materials by identifying the relevant chemical elements present in both GO and G3DTF. The significant differences between the carbon, oxygen, nitrogen and sulphur peaks provided evidence for the generation of a covalent bond between the oxygen-containing functional groups on the surface of GO and thiol groups from the TF polymer (see XPS analysis in Fig. 1 and Fig. S5-6, SI) . Figure S5 reveals that in the wide energy spectrum of the pristine GO there are only two peaks at 288.9 eV and 535.2 eV which are attributed to C1s and O1s, respectively. In contrast, G3DTF spectrum displays the typical peaks of N1s, S2s and S2p at 399.9 eV, 226.7 eV and 162.4 eV, respectively. After functionalization, the nitrogen and sulphur content increased up to 15,1% and 5.2%, while the O content dropped from 33.5% for GO to 11.6% for G3DTF as a result of the thiolcarboxylic acid esterification reaction and partial reduction of GO. [41] [42] In particular, the C1s XPS spectrum of the G3DTF shows a decrease in the intensity of the peaks C-O (286.4 eV), C-O-C/C=O (288.06 eV) and O=C-OH (288.8 eV) upon functionalization, and the emergence of new components in the C1s spectrum of G3DTF at 285.6 eV and 287.3 eV which are attributed to C-N and C-S bonds, respectively. Moreover, the G3DTF's S2p core level line exhibits S2p3/2 and S2p1/2 signals at 161.9 eV and 163.3 eV, respectively, as well as a trace peaks at 168.7 eV and 169.9 eV. The intensity ratio of the S2p3/2 and S2p1/2 peaks is 2:1 and 1.2 eV binding energy separation correspond to spin-orbital splitting of sulphur atoms of TF. The trace peak at 168.5 eV is located at the position predicted for sulfone groups. 36 Additionally, in the S2p spectrum a signal indicating the presence of S-H bond at 164.8 eV is observed, which correspond to the resonance structures of thiourea derivatives (see Fig. 1 ).
Fourier transform infrared (FTIR) spectroscopy was employed to bestow more information onto the structure of G3DTF. The spectrum of GO (Fig. S4 ) displays typical bands associated to C=O stretching at 1724 cm −1 , C=C stretching at 1624 cm −1 , C-O stretching of epoxy groups at 1216 cm −1 and 1054 cm −1 and a broad peak between 3000 and 3500 cm −1 corresponding to O-H vibration. 43 The FTIR spectrum of G3DTF exhibits several bands characteristic for TF functional groups introduced upon the GO's functionalization. A strong absorption peak at 1533 cm −1 (not observed in the neat TF) is assigned to C=N-H stretching vibration, which indicates that upon covalent attachment of TF to GO, the resonant structure of the former is shifted towards thiol containing form. Such observation was confirmed by S2p XPS spectra of TF and G3DTF. The S2p spectrum of TF was measured as a control (Fig. S7) . The formation of the G3DTF composite was further evidenced by the appearance of spectral features indicating the presence of N-H (3315 cm −1 and 3034 cm ), which were not present in the spectrum of neat GO. Raman spectroscopy provides valuable information regarding the quality and degree of functionalization of graphene and its derivatives by taking advantage of its highest sensitivity to the electronic structure of the carbon nanostructures, therefore the degree of hybridization, the crystal disorder and the extent of chemical modification. 44 Figure 2b displays the Raman spectra of GO and G3DTF. The efficient functionalization was confirmed by following the ratio between D and G peaks of GO and G3DTF 45 which are located at ca. 1350 cm −1 and 1600 cm −1 , respectively. 46 In particular, the increase in the ID/IG ratio from 1.00 to 1.21 in G3DTF reflects the enhancement in structural and electronic disorder after grafting TF, which is due to the increase of the sp 3 carbon atoms in the hybrid.
The morphology of G3DTF was analysed by means of scanning electron microscope (SEM). Figure 2a shows the homogenous porous structure of G3DTF composite. Furthermore, energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 2c) shows the uniform distribution of TF component within the G3DTF.
The average interlayer distance in GO and G3DTF powder were studied by wide-angle X-ray scattering (WAXS). XRD pattern of the pristine GO displays only a typical sharp peak at ≈10.01° (see Fig. S3 ), corresponding to an interlayer spacing of 0.87 nm due to the (002) reflection of stacked GO sheets, in accordance with the previously reported values. 35, 47 Conversely, the XRD spectra of G3DTF exhibited peaks at wide range of angles (17.5°-36.5°) highlighting great similarity to XRD pattern of pristine TF polymer and indicating substantial changes in the interlayer distance if compared that of GO ( Fig  S3) .
The porosity of G3DTF was quantified by N2 adsorption-desorption isotherms. The accessible surface area of the starting material of GO calculated with Brunauer-Emmett-Teller (BET) model amounted to 106 m 2 g −1
.
Conversely, upon functionalization with TF, it significantly increased up to 403 m 2 g −1
. The average pore diameter calculated with the Barrett-JoynerHalenda (BJH) model resulted being close to 14.7 nm (see Tab. S2, Fig. S8-S9 ). N2 adsorption and desorption isotherms of G3DTF are similar to type IV isotherm, which exhibits a distinct H3 hysteresis loop, indicating a mesoporous nature of G3DTF. This type of isotherm is often used to describe adsorption-desorption process for 2D and 3D-carbon based materials [48] [49] The incorporation of thiourea polymer into graphene sheets can effectively improve the electrochemical properties of the 2D material. Notably it can reduce self-agglomeration and consequently increase the specific surface area and further enhance the specific capacitance of graphene materials. Moreover, the introduction of heteroatoms enriches the electronic property of the material resulting in the appearance of pseudocapacitance in the system by redox reactions involving sulphone groups. [50] [51] The potential use of this composite as electrode materials for supercapacitors was tested by standard cyclic voltammetry (CV). All electrochemical measurements were conducted in a three-electrode cell, and the working electrode was prepared as free-standing film sandwiched between two Pt meshes based on G3DTF and electrochemically exfoliated graphene (EEG) 24, 52 as a conducting additive. The Figure S1 in Supporting Information shows G3DTF:EG film with lateral size of 1×1 cm 2 and film thickness of 20 μm. G3DTF is expected to be promising electrode material for supercapacitors, due to the presence of both pseudocapacitive thiourea-formaldehyde polymer and electron-double-layer-capacitive graphene forming a hybrid porous structure. The pseudocapacitive mechanism of sulphur functionalized graphene has been proposed by Lee et al. 36 , on the basis of redox reaction between thiocarboxylic acid ester group and sulphone. Thiocarboxylic acid ester functional groups chemically grafted onto the graphene materials can be electrochemically oxidized to sulphone, which can be followed by electrochemical reduction back to thiocarboxylic acid ester (Scheme 2). Scheme 2. The pseudocapacitative mechanism of redox reaction between thiocarboxylic acid ester and sulphone group on the surface of G3DTF. , indicating the capacitance contribution from graphene. Meanwhile, the CV curves exhibit typical pseudocapacitive behaviour of thiourea-formaldehyde with strong redox peaks in the range of 0 to 1 V at scan rates below 100 mV s −1 . Figure 3f plots the calculated specific capacitance of G3DTF nanosheets versus scan rates. Remarkably, the G3DTF nanosheets delivered an impressive specific capacitance of 400 F g −1 , areal capacitance of 160 mF cm −2 and an energy density of 11.1 mWh cm −3 at 1 mV s −1 , and outperforming most state-of-the-art graphene-based polymer electrode materials (see Table S5 ). Figure 3 . a-e) CV curves of G3DTF as supercapacitor electrode material at scan rates ranging from 1 to 10 4 mV s −1 , f) the evolution of G3DTF specific capacitances versus scan rates and g) Nearly overlapped CV curves of G3DTF supercapacitor electrode at 1 st and 5000 th cycle (scan rate 100 mV s −1 ), demonstrating excellent stability.
Especially, the specific capacitance remained 113 F g −1 at a high scan rate of 100 mV s −1 , showing a capacitance retention of 28%. Such excellent rate capability might be attributed to the unique porous structure of G3DTF as monitored in Figure 3a , demonstrating the fast ion diffusion and high-charge storage behaviour. The capacitance drop at higher scan rates can be attributed to the inaccessible porous structure for the electrolyte. Moreover, G3DTF electrode exhibit superior cycling stability with capacitance retention reaching 100% after 5000 cycles at a scan rate of 100 mV s −1 (see Fig. 3g,) . Such excellent stability after long-term cycling suggests that the porous structure of G3DTF can well tolerate large volumetric change and counter ion drain effect during the rapid charging/discharging process, which makes G3DTF highly promising for future supercapacitor applications.
CONCLUSIONS:
In conclusion, we have demonstrated a facile approach to the bottom-up fabrication of a novel 3D sulphur-nitrogen functionalized graphene oxide material, obtained by covalently grafting thiourea-formaldehyde polymer onto GO by thiol-carboxylic acid esterification reaction. The obtained material was characterized in terms of morphology, chemical composition, pore structure and surface area and tested toward its electrochemical potential in pseudosupercapacity measurements. Modification of GO with TF lead to increased capacitance and energy density of the electrodes for supercapacitor applications due to the synergistic effect of graphene and sulphur-rich polymer. High specific capacitances and good cycling stability were achieved for G3DTF with the highest specific capacitance of 400 F g −1 , areal capacitance of 160 mF cm −2 and an energy density of 11.1 mWh cm −3 at the lowest scan rate, 1 mV s −1 with great stability and durability. The concept of combining both pseudocapacitive thiourea-based polymer and electron-double-layer-capacitive graphene offers promising opportunities for future portable and wearable power supplies in diverse applications. 
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